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Abstract

The paper presents large eddy simulations of the flow around a surface-mounted circular cylinder of height 2.5 times the diameter
at a Reynolds number of Re =43000. In the first part, the different modelling parameters are discussed with respect to their
influence on the computed results. One of the findings is that, on the relatively coarse grid employed, the dynamic model is deficient
and yields a too short recirculation region. The results obtained with the Smagorinsky model are in fairly good agreement with
measurements. In the second part of the paper a detailed analysis of the results in physical terms is provided and related to findings
in the literature. In particular, the existence of tip vortices and an arch vortex in the average flow downstream of the free end is

demonstrated.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The flow around bluff bodies such as wall-mounted
cubes, cylinders, tube bundles, etc. has been attracting
considerable interest due to its industrial relevance.
Long bodies like cylinders of high aspect ratio typically
lead to pronounced regular vortex shedding with the
potential of creating resonances which in turn may
provoke undesired flow features or even the failure of
structures (Naudascher and Rockwell, 1994).

End effects alter the vortex shedding substantially and
can mainly be grouped into those at free ends and those
at a junction with a larger body or a wall. Both are
encountered in case of a wall-mounted cylinder of finite
height as sketched in Fig. 1. Therefore, this flow is a
prototype configuration which allows to study both ef-
fects and also the interaction between them. When
reducing successively the height-to-diameter ratio H/D,
the regular alternating vortex shedding being typical for
a long cylindrical structure is, in an intermittent way,
more and more replaced by symmetrically shed vortices
in the range H/D ~ 6 to H/D =~ 2 (Kawamura et al.,
1984; Kappler, 2002). Vortex shedding is mostly sup-
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pressed for values around and below H/D = 2 (Oka-
moto and Yagita, 1973; Kappler, 2002). Compared to
the case of an infinite cylinder, the number of influence
parameters is substantially larger for cylinders of finite
height. In addition to the Reynolds number Re and the
free-stream turbulence level, the height-to-diameter
ratio H/D and the thickness of the approaching
boundary layer §/H influence the flow as addressed by
Kawamura et al. (1984) and subsequent publications.
Due to the finite length of the body the average flow is, in
contrast to the long cylinder, highly three-dimensional.

The interaction of different mechanisms of instability
(like von Karman, Kelvin—Helmholtz, etc.) is a typical
feature of bluff body flows. Here, the situation is further
complicated by the end effects so that the detailed
analysis of this flow is a substantial challenge. The aim
of the present study is to perform large eddy simulations
(LES) for this flow and to analyze its structure, and in
particular the role and interaction of the various
mechanisms.

2. Configuration investigated

The flow around a circular cylinder of finite height
studied here corresponds to an experiment performed by
Kappler (2002) in a water tunnel. The Reynolds number
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Fig. 1. Sketches of the flow field around a cylinder of finite height from
Kawamura et al. (1984). Left: situation if the cylinder is longer than
the critical length for vortex shedding, right: the same if the cylinder is
shorter.

was Re = 43000, based on the cylinder diameter and the
free-stream velocity u,,. For a long cylinder in uniform
flow this value falls into in the subcritical, more precisely
into the “upper Transition in Shear Layer” regime
Re =2 x10* ...,2 x 10° (Zdravkovich, 1997). This re-
gime exhibits only small changes with Reynolds number
and is characterized by a laminar boundary layer along
the cylinder wall, laminar separation, and transition to
turbulence in the shear layer shortly after separation
through a Kelvin—Helmholtz instability and further
spanwise instabilities. This scenario requires low tur-
bulence approach-flow. It is relevant for the present
case, since in the experiment the turbulence level was
Tu = 2%, and indeed was observed in both, experiment
and simulation. Note that the Reynolds number is fairly
high for an LES: the boundary layer along the cylinder
surface is very thin but needs to be resolved.

Different ratios H/D were investigated in the experi-
ment. Here, we select the case H/D =2.5 so that
according to the above discussion only a small amount
of regular vortex shedding is to be expected. The
boundary layer thickness of the approaching flow was
0/H = 0.1 which is small and different from applications
in building aerodynamics. The width of the tunnel was
7D and the height 5D introducing a blockage of
Bl =7.3%.

The available experimental data result from two-
component LDA measurements in different horizontal
and vertical planes. The measured quantities are the
streamwise velocity component together with a second

Table 1

component, depending on the orientation of the laser
beam, and in each case the corresponding fluctuations.

3. Numerical method and LES modelling

The simulations have been performed with the code
LESOCC2 which is a successor of the code LESOCC
(Breuer and Rodi, 1996) and solves the incompressible
Navier-Stokes equations on curvilinear block-struc-
tured grids. A collocated finite-volume discretization
with second order central schemes for convection and
diffusion terms is employed. Temporal discretization is
performed with a three-stage Runge-Kutta scheme
solving the pressure-correction equation in the last stage
only.

Table 1 provides an overview over the simulations
performed. Two subgrid-scale models have been em-
ployed in these computations. One is the Smagorinsky
model (SM) based on an eddy viscosity v, = I?|S| where
S = (Oqu; +0yu;)/2 and |S| = |/25;;S;; (overbars des-
ignating resolved quantities are dropped throughout the
present text). This model is employed with van Driest
damping so that the length scale / reads

I = CA(1 —exp(—y*/25)")""? (1)

with 4 = (Vol)'/* and Vol the volume of a computa-
tional cell. A standard value for the constant is C; = 0.1
(Moin and Kim, 1982) which also is in the range of the
optimal value observed by Meyers et al. (2003). The
second subgrid-scale model is the dynamic Smagorinsky
model (DSM) of Germano et al. (1991), here employed
with least squares averaging and three-dimensional test
filtering. The test-filtered data were obtained by inte-
gration over volumes twice as large as the grid cells by
means of the trapezoidal rule. This operation was per-
formed without accounting for stretching and curvature
as these are of secondary importance in typical LES
grids. It results in weighting the central cell with 1/8 and
the neighbouring cells with 1/16, 1/32, 1/64, depending
on their respective location and appropriately modified
near the walls. Since the flow does not feature any
homogeneous direction the eddy viscosity was regular-
ized according to v/*! = ev; + (1 — ¢)v" with v} being the
preliminary value determined from the standard dy-
namic procedure and ¢ = 0.001 (Breuer and Rodi, 1996)

Overview over the simulations performed: number of grid points, bottom-wall boundary condition, the subgrid-scale modelling (SM = Smagorinsky
model, DSM = dynamic model), averaging time 7,, and mean drag coefficient Cp

Run Grid Bottom SGS ta Cp
GISS 1.0x10° Slip SM 155 0.32
G2SS 6.4x10° Slip SM 123 0.88
G2WS 6.4x10° WwWw SM 100 0.88
G2WD 6.4x10° WwWwW DSM 83 0.6
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Fig. 2. Two-dimensional cuts in wall-parallel direction through grid G2. The bottom picture shows the entire domain while the top picture displays a
zoom of the grid above the cylinder. Only every 4th point is plotted (the complete grid has no hanging nodes).

and imposing 0<v, < 100v where v is the molecular
viscosity.

The width and the height of the computational do-
main were selected to be the same as in the experiment,
hence introducing the same blockage. With the base of
the cylinder located at the origin of the coordinate sys-
tem and x, y, z representing the streamwise, wall-normal
and lateral direction, respectively, this yields
y/D=0,...,5and z/D = —3.5,...,3.5 (see Fig. 2). The
outflow boundary is located at x/D = 12.5 where a
convective boundary condition was imposed. The up-
stream boundary condition is located at x/D = —7.5
where a constant velocity u = u,, was imposed (no
fluctuations). Such a condition has been used success-
fully already for the simulation of subcritical flows
around long cylinders (Frohlich et al., 1998) and is
justified here for the case of negligible turbulence level at
the entry and a very thin bottom-wall boundary layer.
The boundary condition on the cylinder surface was a
no-slip condition in all computations.The conditions at
the top wall and at the sidewalls were free-slip condi-
tions.

The first two computations, G1SS and G2SS, em-
ployed a frictionless ground plate which is equivalent to
imposing a symmetry plane. Consequently, no boundary
layer develops along the bottom wall, but the flow
around the free end can be investigated (Frohlich et al.,
2002). Two grids were used, a coarse grid (G1) with 1
Mio. points and a finer grid (G2) with 6.4 Mio. points
partitioned into 24 blocks. The latter is displayed in

Fig. 2. The same grid was then used imposing a solid
ground plate with friction using the Werner and Wengle
(1993) wall function. Typical average values of y™ are
around 40-80, remote from separation and reattach-
ment zones. With this condition a small boundary layer
develops along the bottom wall. It has been compared to
measurements in the empty tunnel and found to exhibit
similar profiles of mean and fluctuating streamwise
velocity. In another computation the impact of the
subgrid-scale model was investigated by employing the
dynamic model. The time step in all simulations was
adjusted instantaneously according to the stability cri-
terion of the time scheme which yielded values around
1073 D/us..

4. Results

The impact of the different numerical and modelling
parameters on the results will be discussed first by means
of averaged quantities. Fig. 3 compares profiles of
streamwise mean velocity and related fluctuations for
the different runs to the experimental data. Figs. 4 and 5
show average streamlines and fluctuations for G2SS and
G2WS in comparison with those from the experiment.
All quantities are given in units of D for lengths, u,, for
velocities, and D/u,, for time.

Table 1 reports the mean drag coefficient
Cp = f,/0.5pu> LD which can serve as a first criterion
for assessment. The temporal evolution of lift and drag
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Fig. 3. Average quantities along lines at an elevation y/D = 1.5 above the bottom wall. Left: in the centerplane with z/D = 0. Right: in lateral
direction at x/D = 1. Streamwise mean velocity (top) and corresponding fluctuations (middle) and average turbulent viscosity (bottom). Lines: LES,

symbols: experimental data from Kappler (2002).

force f. and f,, respectively, is depicted in Fig. 9 for run
G2WS. These forces have been computed by integrating
wall pressure and friction over the cylinder surface at
each time step. The latter contribution is substantially
smaller than the former, as expected. Experimental
values for Cp have been obtained almost exclusively by
integration of the pressure over the surface, neglecting
the viscous contribution as in Farivar (1981); Kawam-
ura et al. (1984), Okamoto and Sunabashiri (1992) and
others. It is generally observed that Cp decreases when
reducing H/D due to the intrusion of the flow over the
top into the wake. On the other hand, the drag increases
with reduced boundary layer thickness 6/H and also

depends on the free-stream turbulence level and the
blockage B!/, similar to the case of the long cylinder.
Hence, for the particular set-up calculated it is hard to
find exactly matching conditions in the literature. In the
companion experiment of Kappler (2002), surface
pressures or forces could not be measured. Experimental
values from situations similar to the present one are
Cpb=0.78 (H/D=2, 6/H=0.1, Bl =0.88%, (Ka-
wamura et al, 1984)) and Cp=0.73 (H/D=2,
0/H=0.1, Bl=13% (Okamoto and Sunabashiri,
1992)) in the same Reynolds number regime. The fairly
large influence of the blockage ratio can be appreciated
by reference to the value Cp = 1.22 measured by Baban
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Fig. 4. Average streamlines at y/D = 1.5 (left) and (¥'«') in the same plane (right). The scale in the contour plots ranges from 0 to 0.12. Top:
experiment, middle: run G2SS, bottom: run G2WS.
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Fig. 5. Average streamlines (left) and vertical fluctuations (/) (right) in the centerplane z/D = 0. The colour scale ranges from 0 to 0.2. Top:
experiment, middle: run G2SS, bottom: run G2WS. The dashed lines in the streamline pictures indicate the locations for which z—y-cuts are displayed

in Fig. 6.



542 J. Frohlich, W. Rodi | Int. J. Heat and Fluid Flow 25 (2004) 537-548

and So (1991) (H/D =2, 6/H =0.1, Bl =11.2%). In
light of these data the present value of Cp = 0.88 ob-
tained by simulation G2WS for a blockage ratio of
Bl =7.3% can be considered to be in good agreement
with the literature.

4.1. Influence of the grid

A comparison of runs GI1SS and G2SS in Table 1
shows the drastic effect of insufficient resolution.
Streamline plots (not displayed here) reveal that the
shear layers separating from the cylinder are shifted
towards the symmetry plane due to delayed separation,
the wake narrows and as a consequence the drag is
substantially reduced. The Smagorinsky model, when
employed with the finer grid G2, yields a reasonable
match with the experiment as shown by the results given
in Figs. 3-5. This is improved further when friction at
the bottom wall is accounted for.

4.2. Influence of the subgrid-scale model

The Reynolds number is high and the grid G2 in the
upstream part and along the cylinder wall is still rela-
tively coarse for a wall-resolving LES. When switching
to the dynamic model, the test filter operation projects
the velocity onto an even coarser grid. The underreso-
lution is most critical for the (laminar) shear layers
separating from the cylinder along the sides as experi-
enced in earlier work on long cylinders (Frohlich et al.,
1998, 2001). With the DSM, a larger eddy viscosity is
produced compared with the SM and the present value
of Cs, yielding a shift of the shear layers towards the
symmetry plane and hence a reduction of the drag (see
Table 1), similar to the effect of using a coarse grid, but
not as strong. Further, in the wake the DSM generated
larger values of v, than the SM, e.g. by about a factor of
4 in the locations considered in Fig. 3.

4.3. Influence of the bottom-wall boundary condition

We now address the influence of the bottom-wall
boundary condition which can be assessed by compari-
son of runs G2SS and G2WS. The wall boundary layer
is thin, with 6/H = 0.1 so that the effect of accounting
for its development is small. In particular, the flow up-
stream of the cylinder is little affected as evidenced by
the low position of the saddle point on the stagnation
line and the thin horseshoe vortex shown in Figs. 11 and
12. However, in the rear of the cylinder the bottom
boundary condition can have some influence on the
evolution of the shed vortices. In order to investigate
this issue, cuts normal to the streamwise axis are dis-
played in Fig. 6 for a calculation with (right) and
without (left) bottom wall. They have been generated at
x/D=1,x/D =2and x/D = 3.5 and these locations are

indicated in Fig. 5. The upper graphs in Fig. 6 at
x/D =1 show that the wake narrows somewhat near the
lower boundary if this is a solid wall. Also, accounting
for the bottom boundary layer appears to improve
somewhat the streamline pattern in the recirculation
zone behind the cylinder (Fig. 5). At x/D = 2, the dif-
ference between the calculations might seem very large,
due to the appearance of two foci in the left picture, but
it should be noted that the plane x/D = 2 is close to the
reattachment point on the bottom as revealed by Fig. 5.
This introduces a marked sensitivity of the streamlines
with respect to the exact position considered which is
responsible for this visually different impression. At
x/D = 3.5, the trailing vortices are almost circular in the
case with slip while being more elliptic in the case with a
solid wall. Further discussion of this figure is provided in
Section 4.5.

4.4. Instantaneous flow

An impression of the instantaneous flow is given by
Fig. 7 from G2WS displaying an iso-surface of the
normalized instantaneous deviation of the pressure from
the average, p' = (p — (p))/(pu?,). This visualization of
the flow structure was complemented by further views
and animations upon which the following comments are
based. They show the separation at the sharp front
corner of the cylinder top to be fairly regular, exhibiting
lateral vortex rollers which inter-wind and merge upon
travelling downstream along the roof. Around the rear
of the top end the separation process is highly complex
and very irregular due to the curved trailing edge and
the separation at the sidewalls so that organized motion
can hardly be detected. Near the top, the separation
along the cylinder shaft is similarly influenced by the
flow over the free end but becomes more regular further
down towards the bottom wall. There, the separation
takes place in a more coherent way and larger vortices
with their axis parallel to the cylinder axis are formed. In
the experiment no regular vortex shedding was detected
near the top end but regular alternating shedding near
the bottom surface for all height-to-diameter ratios
(Kappler, 2002). For H/D = 2.5, symmetrical vortex
shedding did occur occasionally near the bottom in rare
events. Fig. 8 presents a tracer photograph near the
bottom plate from the experiment and a plot from
G2WS showing the instantaneous u-velocity at an in-
stant with alternating vortex shedding. The qualitative
agreement between both is good.

Further downstream in the wake the shed vortices
increase in size and become smoother. Highly distorted
von Karman vortices are visible in Fig. 7. They are bent
inwards and backwards due to the downward motion
behind the cylinder visible in the streamline pictures of
Fig. 5. Similar plots viewed from the side as well as plots
of the instantaneous pressure in planes y = const. (not
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Fig. 6. Average flow structure in planes normal to the x-axis behind the cylinder at x/D = 1 (top), x/D = 2 (middle), x/D = 3.5 (bottom). Average

streamlines are shown together with the magnitude of the secondary flow,

(v)2 + (w)z, represented by the gray scale. Left: computation with slip

condition (run G2SS). Right: the same data with a solid wall (run G2WS). The location of these cuts is indicated in Fig. 5.

shown here) reveal that alternating vortex shedding per-
sists up to y/D = 1.5. Above this height, perturbations
exhibit only small scales and are restricted to the close
vicinity of the cylinder due to the strong downward mo-
tion behind the cylinder. Comparison with the sketches in
Fig. 1 shows that for the present aspect ratio regular
alternating vortex shedding is not observed over a sub-
stantial portion of the shaft, with vortex axes parallel to
the cylinder. Alternating vortices, however, are still
present behind the lower part of the cylinder as also ob-
served in the experiments. The concept visualized in Fig. 1
therefore should possibly be completed with this feature.

The irregular separation and shedding processes pro-
duce relatively irregular forces on the cylinder. This is
illustrated in Fig. 9 by showing the temporal evolution of
the instantaneous lift and drag forces for G2ZWS (corre-
sponding pictures for the other runs look similar, but
with different average values of the coefficients). A
dominant frequency f* with a Strouhal number of about
St = fD/uy = 0.16 can be discerned from the lift coeffi-

cient while the drag exhibits twice this frequency as usu-
ally observed for this type of flow (Jordan, 2002). The lift
coefficient exhibits an irregularly changing amplitude and
can have an average different from zero over a certain
number of shedding periods. This is a demanding situa-
tion and requires long averaging times, making the
computations very expensive. An irregularity in the forces
on the cylinder is usually also observed for a long cylinder
even without end effects, as e.g. in Frohlich et al. (1998),
due to the irregular break up of the von Karman vortices.
For the present configuration, however, it is substantially
stronger and resembles the flow around a wall-mounted
cube. Shah and Ferziger (1997), e.g., at Re = 40000 ob-
served a fluctuating lift coefficient with St~ 0.1 and
pronounced irregularity in an LES of the latter.

4.5. Average flow

The average flow is now discussed, focusing on the
results of run G2WS which previously were found to be
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Fig. 7. Instantaneous flow structures obtained from G2WS iso-surface
of the instantaneous pressure deviation, p/ = —0.05, viewed from the
top and at an oblique angle from the rear.

in best agreement with the experiment. Figs. 4 and 5
show streamlines from the LES and compare them to
the corresponding experiment. Recall that LDA mea-
surements cannot be performed close to solid walls due
to shadowing and reflection of the laser beams so that
no experimental data are available very near the cylin-
der. Behind the cylinder, the streamlines in the center-
plane exhibit a large recirculation region (see Fig. 5)
with the center of the vortex located at x =~ 0.8, y =~ 2 in
the experiment and somewhat higher and closer to the
cylinder in the LES. The length of the recirculation re-
gion in the simulation is similar to that in the experi-
ment. Figs. 4 and 5 also show calculated contours of
velocity fluctuations in comparison with the experi-
mental contours (u-fluctuations in a horizontal plane at
y/D=1.5 in Fig. 4 and v-fluctuations in the vertical

§
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fz,fx
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n 1 L L L L L L L L 1
450 500 550

Fig. 9. Lift force f; (lower curve) and drag force f, (upper curve) for
run G2WS.

symmetry plane in Fig. 5). Again the agreement is fairly
good.

Fig. 10 provides further information on the normal
stresses (u'u'), (') and (w'w') as well as the shear stress
(u'w') in wall-parallel planes. In order to address their
change in the direction along the cylinder axis these
quantities are given for y/D = 1 and y/D = 2, the latter
being located half a diameter below the upper free end
of the cylinder. In the lower plane it is obvious that u-
fluctuations dominate in the separated shear layers while
v- and w-fluctuations are maximal at or near the sym-
metry plane around x/D = 2. Comparison of these plots
with the corresponding ones at y/D =2 shows the
substantial quantitative change the flow undergoes over
this relatively short distance. Near the top, the recircu-
lation is much shorter and all fluctuations are smaller
because no pronounced shedding takes place here, as
discussed before. Also, the w-fluctuations now exhibit
their maximum in the centerplane. At y/D =1, a ten-
dency of the fluctuations for spreading away from the
centerplane is observed for x/D > 2 which is due to the
presence of the lower wall. The results of Fig. 10 can
also be compared to the data for a long cylinder ob-
tained by Cantwell and Coles (1983) and reported in
AGARD (1998). The Reynolds number Re = 140000 is
by a factor of 3.3 larger which yields a shorter recircu-
lation length, but the flow is qualitatively insensitive to

u
160
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= 080

2 3

Fig. 8. Instantaneous picture of vortex shedding close to the ground plate. Left: visualization by means of a tracer in the experiment Kappler (2002),

right: instantaneous u-velocity in the wall-adjacent cell from run G2WS.
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Fig. 10. Streamlines and resolved stresses (u/u'), (v'v'), (Ww') and |(w'w)| from run G2WS (top to bottom). The solution is depicted in planes at
y/D =1 (left) and y/D = 2 (right). The gray scale ranges from 0.0 to 0.2 with increments of 0.02.

the Reynolds number in this regime (Zdravkovich,
1997). Compared to these data, the present results fea-
ture a wider distance of the separated shear layers. The
maximum of (u'u’) appears at z/D = 0.68 instead of
z/D = 0.47. The same holds for the maximum of the
shear stress (u'w’) which is also located at a larger dis-
tance from the symmetry plane. Qualitatively different
from the case of a long cylinder is the fact that the
maximum of the normal stress (ww') is not attained in
the centerplane but at z/D = 0.36. Its value is 0.17 and
hence substantially smaller than for a long cylinder (0.45
in Cantwell and Coles (1983)).

Figs. 11 and 12 show streamlines in wall-adjacent
cells along the cylinder surface and the bottom wall,
respectively. The stagnation line running from
y/D=0.2to y/D =2.1is clearly visible in the left ob-
lique view of Fig. 11. Near the bottom a saddle point
exists at y/D =0.2 resulting from the oncoming
boundary layer. Along the stagnation line there is a
slight upward motion, but on the side the lines remain
fairly horizontal. Near the upper end the stagnation line
splits up into a fan of streamlines due to the end effect.
The separation line along the sidewall is also visible. It is
located at a fairly constant angle of 80° from the stag-
nation line along the shaft, but curves towards the rear
for (H —y)/D < 1D. Upstream of the curved separa-

I

™

Fig. 11. Surface streamlines from run G2WS. Left: oblique view with
flow from left to right. Right: rear view.

tion line a pressure minimum with c¢p = ({p) — pso)/
0.5pu*) = —1.2 is located at y/D = 2.25 and an angle of
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Fig. 12. Average streamlines in the wall-adjacent cell along the bottom
wall from run G2WS. The color scale represents the average stream-
wise velocity component.

70° from the stagnation line. This observation corre-
sponds to measurements of Uematsu and Yamada
(1994) and Kawamura et al. (1984). The recirculating
flow in the rear of the separation line exhibits a sub-
stantial upward motion as was to be expected from the
streamlines directly behind the cylinder in Fig. 5. At
y/D =23 and z/D ~ +0.3 a focus on the surface is
visible in the right picture of Fig. 11 resulting from the
upward rear motion and the counteracting downward
motion in the centerplane. On the roof, the flow sepa-
rates at the front edge and reattaches around the center
as evidenced by the plots in Fig. 11. Fig. 12 indicates the
presence of a small horseshoe vortex in the average flow
forming in front of the cylinder. In the companion
experiment of Kappler (2002) no oil flow pictures were
taken, but the behaviour just described corresponds
qualitatively to the pictures taken by Holscher (1993),
which can be found in Majumdar and Rodi (1989), al-
beit for a cylinder placed in a much thicker boundary
layer (6/H = 2.54).

The foci on the rear of the cylinder close to the top in
the right part of Fig. 11 are the footprints of two tip
vortices which separate from the cylinder’s free end and
reach down into the wake (see Fig. 1). The vortical
motion in the average flow was visualized by means of a
stream ribbon displayed in Fig. 13. Its motion is some-

G2WS

Fig. 13. Visualization of the vortex structure in the average flow behind
the cylinder (run G2WS).

what irregular near the cylinder as it is caught in the
horizontal vortex at x ~ 0.8, y ~ 2 discussed in relation
to Fig. 5 above. At a height of about y/D = 1 the stream
ribbon leaves this vortex and stretches downstream until
the exit of the domain, still spiralling but at a much
lower pace. Two further streamtraces have also been
introduced in close vicinity for clarification. The black
one spirals in the interior of the ribbon’s trace and in-
deed resembles the tip vortex in the sketches of Fig. 1.
The second, white one, remains further outward close to
the ribbon but continues down to the bottom plate. So,
on one hand the existence of the tip vortices on either
side of the cylinder top sketched in Fig. 1 is supported
by the present results. In addition to this sketch we
observe that the tip vortices do not persist further
downstream but only reach downstream to about one
diameter behind the cylinder. They are in fact part of an
arch vortex with the shape of a reversed U standing
behind the cylinder. This vortex can be seen in the cuts
along the centerplane of Fig. 5 due to the focus it gen-
erates closely behind the upper end where its axis is
horizontal. The horizontal cuts at y/D =2 and y/D =1
in Fig. 10 also show its axis which at these positions has
become oblique at the upper and vertical at the lower
position, respectively. The footprint of the arch vortex
on the bottom plate is visible through the streamlines in
Fig. 12 exhibiting a focus at about the same (x—z)-
coordinates as in Fig. 10 (top, left). The arch vortex is a
feature of the average, not the instantaneous flow and
has similarly been observed in the flow around a surface-
mounted cube (Martinuzzi and Tropea, 1993) simulated
with LES in (Shah and Ferziger, 1997; Rodi et al., 1997).
Due to the circular geometry of the present body, the
arch vortex exhibits a slightly different shape in its upper
part compared to the flow around a cube and in this
region in fact encompasses the tip vortices as visualized
by Fig. 13. This vortex should be included in sketches
like the ones reproduced in Fig. 1.

Fig. 13 also allows to understand better the cuts at
constant x/D displayed in Fig. 6. The fact that the
streamlines in these pictures do not always form closed
lines, as would be the case in a two-dimensional flow for
reasons of continuity, is due to the third velocity com-
ponent in x-direction. At x/D =1, the two foci result
from the tip vortices visualized by the rapid spiralling
part of the black lines in Fig. 13. Their centers are located
at about y/D = 1.5. The cuts at x/D = 2 in Fig. 6, on the
other hand, are located downstream of the arch-type
vortex, roughly where the black streamtraces in leave the
arch vortex horizontally in Fig. 13, and here the tip
vortices seem to disappear. Slightly further downstream,
and for the case with slip already at x/D = 2, other vortex
structures appear. The centers of these vortices are visible
at x/D = 3.5 at an elevation of y/D =0.5...0.8. These
trailing vortices are not continuations of the tip vortices
and should also not to be confused with the horseshoe
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vortex since the latter is much smaller in the present case;
furthermore, they also appear in the case with slip con-
dition at the lower boundary which excludes the presence
of a horseshoe vortex. Rather, these trailing vortices re-
sult from the strong downward motion behind the
obstacle and the associated upward motion away from
the centerplane caused by the finite width of the obstacle.
This motion is illustrated in Fig. 6 by streamlines (note
that the arrows indicate only the flow direction and not
the velocity strength) and the contour plot showing the
magnitude of the secondary flow, i.e. the quantity

\/ () + (w)2. The secondary velocity is maximal at
x/D = 2 and decreases substantially further downstream.
The maximum at x/D = 3.5 in the case with wall is 0.3.
Hence, the resulting spiraling motion is relatively weak
compared with the average u-velocity which for example
is (u) = 0.7 in the centers of both vortices in this picture.
This is also reflected by the slow turning of the stream
ribbon in Fig. 13.

5. Conclusions

We have presented several LES of the flow around a
surface-mounted cylinder of finite height. A detailed
comparison to a companion experiment has shown that
the results obtained with the Smagorinsky subgrid-scale
model capture the main features of this complex flow
quite well. The results reveal the details of the compli-
cated vortex dynamics where separation from the side-
walls and the roof of the cylinder interact closely. The
relatively small height of the cylinder does not allow the
development of straight, two-dimensional von Karman
vortices, but these are bent and distorted as they travel
along the wake. The average flow is shown to exhibit an
arch-type vortex behind the cylinder as observed in the
flow around a wall-mounted cube. This has not been
reported previously in the literature on the subject.
Further investigations might be concerned with its
dependence on the height-to-diameter ratio.
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